Nanostructures of ferromagnetic oxides having Curie temperatures above room temperature have potential for applications in memory devices and future spin-based electronic applications. In this article, we report on the dc and high frequency magnetic properties of arrays of elliptical CoFe 2 O 4 nanopillars, covering a large area, fabricated by combined electron beam lithography, and a sol-gel based chemical route. The nanopillars were successfully fabricated on insulating oxidized silicon substrates and on epitaxial thin films of ferroelectric BiFeO 3 . We performed magnetic force microscopy and ferromagnetic resonance spectroscopy on the arrays to probe their magnetic properties. Due to the possible existence of dominant pinning sites, the CoFe 2 O 4 nanopillars are not single-domain even at nanometer size scales.
I. INTRODUCTION
Nanometer scale structures of novel magnetic materials have gained substantial attention in the emerging fields of nanotechnology and spintronics in the last several years. Low-dimensional magnetic structures of elemental magnets like cobalt, 1,2 nickel, 3, 4 alloys like permalloy, 5, 6 and metal-oxides 7, 8 have been studied extensively in the past. One unavoidable difficulty with such systems is that below a certain length scale they become superparamagnetic, limiting their application potential. On the other hand, several ferromagnetic complex oxides remain ferromagnetic even below the length scale of 100 nm. In addition, there are several oxide ferromagnets that show large spin-polarization approaching 100 percent, such as Fe 3 O 4 , 9 CrO 2 , 10 and La 0.7 Sr 0.3 MnO 3 , 11 making them particularly suitable for spintronic applications. More recently, there has been growing interest in the fabrication of multiferroic 12 materials made up of composite ferromagnets and ferroelectrics. Such multiferroics possess enormous potential for both technological applications and fundamental research. For example, composite ferroelectric/ferromagnetic materials exhibit the magnetoelectric effect, 13 and therefore, efficient switching of the ferromagnetic domains is expected to be achieved and controlled by an external electric field. In such nanostructure composites, it is potentially possible to attain single ferromagnetic domains leading to superior switching properties.
In this article, we report on the fabrication and magnetic properties of small-scale structures of a ferrimagnetic oxide system, CoFe 2 O 4 , which has a Curie temperature ͑ϳ400°C͒ well above room temperature. The bulk properties of this material have been studied for several decades. 14 This material has an inverse spinel structure and it is an electrically insulating and magnetically hard material. Owing to almost perfect lattice matching with ferroelectric BiFeO 3 
II. EXPERIMENTS
The experiments including the sample preparation, characterizations, and measurements will be discussed in Secs. III and IV. First, the thin films of the material were fabricated using a sol-gel precursor in order to characterize the stoichiometry. The patterning using e-beam lithography and the fabrication of the arrays of nanopillar were done afterwards. After the arrays were fabricated, magnetic force microscopy ͑MFM͒ and ferromagnetic resonance ͑FMR͒ spectroscopy were performed in order to characterize their magnetic state.
A. Thin film fabrication by sol-gel and characterization
We followed a sol-gel-based chemical route for the synthesis of CoFe 2 O 4 with correct stoichiometry. 16 To synthesize the sol precursor of CoFe 2 O 4 , 1 g of 2-methoxyethanol was added to 30 ml of diethanolamine. After that, 74.7 mg ͑1/200 mol͒ of Co͑CH 3 CO 2 ͒ 2 ·4H 2 O and 242.4 mg ͑1/100 mol͒ of Fe͑NO 3 ͒ 3 were added to the solution and stirred until the ingredients fully dissolved. The container was then placed in a water bath and the solution was refluxed at 70°C for 4 h. In order to characterize the physical properties of the material synthesized by the sol-gel route, we first fabricated a thin film of the material on an oxidized Si substrate. We performed grazing incidence x-ray scattering on the thin film of the material to ensure that the material was grown in the correct stoichiometry. In Fig. 1 , the x-ray spectrum is shown. The Miller indices corresponding to the CoFe 2 O 4 characteristic peaks are indicated in the figure. The spectrum confirms that the material forms in a single CoFe 2 O 4 phase, and also indicates the polycrystalline nature of the film.
In order to confirm the magnetic state of the material, we measured the magnetization ͑M͒ as a function of magnetic field ͑H͒ at room temperature using a quantum design superconducting quantum interference device magnetometer. The M − H curve ͓Fig. 2͑a͔͒ shows hysteresis with a coercive field of 500 Oe. This is much larger than the coercive field of thin films of elemental magnets like cobalt 17 and alloys like permalloy. 18 The high value of coercive field confirms that CoFe 2 O 4 in its two-dimensional thin film form exhibits hard ferromagnetism unlike the elemental ferromagnets. Scanning electron microscopy ͑SEM͒ on the CoFe 2 O 4 film reveals that the film is polycrystalline, with small crystallites having well defined facets clearly visible ͓Fig. 2͑b͔͒.
Topographic atomic force microscopy ͑AFM͒ images of the thin films of CoFe 2 O 4 grown on oxidized Si substrates as displayed in Fig. 2͑c͒ reveal that the surface is granular with an average roughness of 2 nm. However, when the surface is scanned with a magnetic cantilever, as shown in Fig. 2͑d͒ , we can observe large domains ͑ϳ200 nm͒ that show up as regions of light and dark contrast. Observation of these magnetic domains in the thin films of CoFe 2 O 4 motivated us to fabricate nanostructures of CoFe 2 O 4 down to a length scale of 200 nm, with the expectation that these nanostructures would be single domain. In order to confirm the expected domain structure, we have also performed micromagnetic simulations using object oriented micromagnetic framework ͑OOMMF͒ and found that the calculated hysteresis for the elliptical nanodots with major axes ϳ300 nm and minor axes ϳ200 nm were square shaped indicating single magnetic domains.
B. Fabrication of nanopillar arrays
To fabricate arrays of CoFe 2 O 4 nanopillars on both oxidized Si substrates and epitaxial thin films of ferroelectric BiFeO 3 , we employed a combined electron beam lithography and sol-gel based chemical route. 19, 20 To fabricate the CoFe 2 O 4 pillars, polymethyl methacrylate ͑PMMA͒ was first spin-coated on a clean oxidized Si substrate at 4000 rpm for 60 s. The wafer was then baked at 170°C for 30 min. Arrays of elliptical dots covering a total area of 1 mm 2 were patterned on the PMMA using electron beam lithography. The dots were made elliptical to introduce shape anisotropy, which is expected to dominate over crystalline anisotropy at this scale. The major axes of the elliptical pillars were 300 nm and the minor axes were 200 nm long. The sol-gel precursor was then deposited on the wafers by spinning at 1500 rpm for 30 s. The CoFe 2 O 4 / SiO 2 sample was then baked at 120°C for 5 min in order to promote the gelation of the CoFe 2 O 4 nanostructures. The PMMA was then lifted off using warm acetone. After that, the wafer was annealed at 600°C for 5 h. The procedure was repeated on an epitaxial ͑001͒ BiFeO 3 thin film 15 grown by magnetron sputtering on a single crystal ͑001͒ SrTiO 3 substrate. In this case, the annealing was done in the presence of bismuth powder in order to compensate for any loss of bismuth. A dark field optical image of the CoFe 2 O 4 ͑CFO͒ arrays is displayed in Fig. 5͑a͒ . Figure 3͑a͒ shows an AFM image illustrating the uniformity of the dots grown following the technique outlined above. The corresponding line profiles shown in Fig. 3͑b͒ confirm that all the dots belonging to an array have almost identical height and width. lattice matching with CoFe 2 O 4 . However, due to the surface morphology of BiFeO 3 ͓Fig. 3͑c͔͒, the cross-section of the pillars turned out to be irregular. Figure 4͑a͒ shows an AFM image of a CoFe 2 O 4 nanopillar array grown on BiFeO 3 . As shown in the line profiles in Fig. 4͑b͒ , the variation in the height of the pillars is much larger than that of the CoFe 2 O 4 pillars on oxidized Si. This large variation in height originates from the roughness in the underlying BiFeO 3 layer. Also, in this case, the height of the pillars is greater than 200 nm while the thickness of the PMMA layer was significantly less than this. This may arise from the fact that the CoFe 2 O 4 layer follows the crystal structure of the BiFeO 3 , resulting in growth beyond the thickness of the patterned PMMA. Figure 4͑d͒ shows a three dimensional image of a single CoFe 2 O 4 pillar grown on BiFeO 3 , demonstrating this overgrowth. The triangular shape of the over-grown crystal might indicate faceted growth.
C. AFM and MFM on the arrays
Ideally, for a single domain elliptical nanostructure, where the shape anisotopy dominates, the magnetization is expected to exist in the plane of the ellipse and should be parallel to the major axis of the ellipse. In this case one should observe a dark spot and a bright spot at the two ends of the ellipse. In fact, such dark-bright contrast has been seen in elliptical nanodots of simple magnetic systems like permalloy. 21, 22 However, when MFM was performed on the CoFe 2 O 4 arrays on oxidized Si, it was found that the elliptical dots ͓Fig. 3͑c͔͒ have complex magnetic domain structures. As shown in Fig. 3͑d͒ , in the MFM image of our dots the inner region appears dark surrounded by a bright region. This indicates the existence of an attractive interaction between the magnetic tip and the sample in the central region while the interaction is repulsive close to the edges of the structures. The irregular shape of the central dark region confirms that even at this small length scale CoFe 2 O 4 does not form single domain structures. The above observation clearly suggests that the domain size in the CoFe 2 O 4 is strongly dependent on the magnetic environment, i.e., though the magnetic domain size is large ͑200 nm͒ in a thin film of the material, isolated nanostructures of comparable size are multidomain. In ferrite thin films, such effect was discussed in the past by van der Zaag et al. 23, 24 However, as evident from the micromagnetic simulations that we will discuss later, even for individual CFO nanoparticles of this size scale, single domain magnetic structure should be achieved. The fact that we do not observe single domain behavior experimentally could be attributed to microscopic pinning sites that are not taken into account for the simulations. 
D. FMR spectroscopy
In order to measure the dynamic magnetic properties of the arrays of the elliptical nanopillars of CoFe 2 O 4 , we have performed FMR spectroscopy on the arrays grown on oxidized Si. The samples were measured at room temperature in a Varian electron-spin-resonance cavity spectrometer with an operating frequency of 9.37 GHz, and the orientation of the static dc field could be varied with respect to the sample substrate. An external dc magnetic field was swept from 0 to 6 kOe. The field was always applied parallel to the plane of the sample having the nanopillars. Figure 5 shows the absorption spectra of the sample grown on SiO 2 as a function of the magnetic field. The resonance is clearly visible as a peak at 3500 Oe. When the sample is rotated in the plane of the substrate with respect to the direction of the magnetic field, the peaks of the resonance spectrum do not shift. This further indicates the polycrystalline nature of the elliptical ferromagnetic dots and that the shape anisotropy in this case fails to dominate over the crystalline anisotropy of the dots. This observation is different from the FMR data on bulk CoFe 2 O 4 ͑Refs. 14, 25, and 26͒ where the position of the resonance peak was seen to shift with the field direction. However, as displayed in Fig. 5 , a double peak structure in the FMR spectrum is present which is also observed in the case of bulk CoFe 2 O 4 . 25 This double peak structure in the absorption curve is an intrinsic property of CoFe 2 O 4 . FMR spectroscopy could not be performed on the arrays grown on epitaxial BiFeO 3 , as BiFeO 3 is a strong absorber of the microwave radiation and overloads the microwave cavity.
III. MICROMAGNETIC SIMULATIONS
In order to identify the expected magnetic domain structures theoretically, we have done micromagnetic simulations using OOMMF for elliptical nanostructures with major axis = 300 nm, minor axis= 200 nm, and thickness= 60 nm. 
